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a  b  s  t  r  a  c  t
(1  1 1)-oriented  barium  titanate  (BaTiO3) thick  ﬁlms  were  prepared  on  Pt-coated  Si  substrates  by laser
chemical  vapor  deposition.  The  effects  of  deposition  temperature  on  the  orientation,  microstructure,
and  dielectric  response  of the  BaTiO3 ﬁlms  were  investigated.  BaTiO3 ﬁlms  exhibited  a  signiﬁcant  (1 1  1)
orientation  at  deposition  temperatures  from  930 to  1010  K.  With  increasing  deposition  temperature  from
875  to 1010  K, the  surface  microstructure  changed  from  cauliﬂower-like  to  columnar  structures  witheywords:
aTiO3 ﬁlm
aser CVD
rientation
ielectric response
pyramidal  caps.  The  permittivity  of  a  (1  1 1)-oriented  tetragonal  BaTiO3 ﬁlm  prepared  at 980  K  was  1890
at  room  temperature  and  2600  at the  Curie  temperature  of the  ﬁlm  (395  K).
© 2013  The  Ceramic  Society  of  Japan  and  the  Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V. All  rights  reserved.
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. Introduction
Barium titanate (BaTiO3) is a common ferroelectric perovskite,
hich has been widely used in dielectric and piezoelectric devices
ecause of its high permittivity [1–3]. A spontaneous polariza-
ion of BaTiO3 is generated by a displacement of Ti4+ ions in TiO6
ctahedron along the 〈0 0 1〉 direction. The permittivity (ε′) of a
aTiO3 single crystal at room temperature has been reported to be
pproximately 4000 and 150 along the 〈1 0 0〉 and 〈0 0 1〉 directions,
espectively [4].
Recent studies of perovskite ferroelectrics have revealed that an
nhanced longitudinal piezoelectric response occurs in a different
irection to the polar direction. A BaTiO3 single crystal has shown
 higher longitudinal piezoelectric constant (d33) of 200 pC N−1 in
he 〈1 1 1〉 direction than that in the 〈0 0 1〉 direction [5]. There-
ore, a (1 1 1)-oriented BaTiO3 thick ﬁlm would exhibit a high∗ Corresponding author. Tel.: +81 22 215 2106; fax: +81 22 215 2107.
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uiezoelectric force. However, there have been only few reports on
he preparation of thick (1 1 1)-oriented BaTiO3 ﬁlms.
Chemical vapor deposition (CVD) has been widely employed to
repare BaTiO3 thin ﬁlms [6–18]. Although (1 0 0)-oriented BaTiO3
lms have often been prepared by CVD, (1 1 1)-oriented BaTiO3
lms and their respective dielectric properties have rarely been
eported [7]. Moreover, the deposition rates of the CVD technique
ere mainly in the range of 0.2–4.0 m h−1. Since the ferroelectric
lms should be around several tens to hundreds of micrometers
n thickness for practical applications, such as piezoelectric actua-
ors and transducers, the deposition rate of conventional CVD is
oo slow. Therefore, a high-speed deposition process should be
eveloped to prepare oriented BaTiO3 thick ﬁlm.
Laser-assisted CVD (laser CVD) is advantageous for preparing
riented thick ﬁlms at high deposition rates (101–103m h−1)
hile controlling the orientation of growth [19,20]. We  have pre-
iously reported the preparation of Ba–Ti–O compound ﬁlms,
articularly BaTi2O5 [21–23]. In the present study, (1 1 1)-oriented
aTiO3 thick ﬁlms were prepared on Pt-coated Si substrates by laser
VD, and the effects of the deposition temperature on the orienta-
ion, microstructure, and dielectric properties were investigated.
. Experimental
BaTiO3 ﬁlms were prepared by laser CVD using a Nd:YAG laser
continuous wave mode; wavelength of 1064 nm). Details of the
aser CVD apparatus and procedures have been reported elsewhere
21]. A (1 1 1)-oriented Pt-coated (1 0 0) Si wafer (Pt/Ti/SiO2/Si) was
sed as a substrate. The substrate was heated on a hot stage at a
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Fig. 1. XRD patterns of BaTiO3 ﬁlms prepared on Pt-coated Si substrate at 908 K (a)
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Fig. 2. Effect of deposition temperature on texture coefﬁcient (TC) of (1 1 0) (open
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Bnd  1010 K (b). Inset (c) shows the magniﬁed pattern for the BaTiO3 ﬁlm prepared
80 K. Solid and dashed lines in the inset indicate diffraction lines for tetragonal
1  1 2) and (2 1 1), and cubic (2 1 1) BaTiO3, respectively.
reheating temperature of 873 K. A thermocouple was inserted at
he bottom side of the substrate to measure the deposition tem-
erature. A laser beam of diameter 15 mm was introduced through
 quartz window to irradiate the whole substrate. On increasing
he laser power from 52 to 120 W,  the deposition temperature
ncreased from 875 to 1010 K. The temperature of the substrate
as within several degrees of the measured temperature [24].
he precursors, barium dipivaloylmethanate (Ba(dpm)2) and tita-
ium diisopropoxy-dipivaloylmethanate (Ti(OiPr)2(dpm)2), were
eated at 569 K and 440 K, respectively. The precursor vapors
ere carried into the chamber using Ar gas with a ﬂow rate of
.5 × 10−2 Pa m3 s−1. O2 gas (ﬂow rate of 1.7 × 10−1 Pa m3 s−1) was
eparately introduced into the chamber through a double-tube
ozzle. The total pressure (Ptot) in the CVD chamber was held at
00 Pa. The deposition was conducted for 600 s.
The crystal structure was analyzed by X-ray diffraction (XRD,
igaku RAD-2C) using CuK X-ray radiation. The surface and cross-
ectional microstructures were observed by a scanning electron
icroscope (SEM, Hitachi S-3100H). The deposition rate was calcu-
ated from the deposition time and measured thickness of the ﬁlm.
 schematic of the crystal structure was drawn by VESTA software
25]. The dielectric properties were measured by an impedance
pectroscope (Hewlett-Packard HP4194).
. Results and discussionFig. 1 shows the XRD patterns of BaTiO3 ﬁlms prepared at
arious deposition temperatures. Single-phase BaTiO3 ﬁlms were
btained at deposition temperatures between 875 and 1010 K
i
t
o
aquares), (1 1 1) (open triangles) and (2 1 1) (open circles) orientations for BaTiO3
lms prepared on Pt-coated Si substrate.
Fig. 1(a)), where the BaTiO3 ﬁlms prepared at 930–1010 K had a
igniﬁcant (1 1 1) orientation (Fig. 1(b)). No peak shift was observed
n the XRD patterns. Although a splitting between (2 0 0) and (0 0 2)
eaks is hard to observe because of signiﬁcant orientation to (1 1 1)
lane, inset supports that the XRD patterns of the BaTiO3 ﬁlms can
e indexed as tetragonal phase (Fig. 1(c)).
The degree of the (1 1 1) orientation was  evaluated using the
arris texture coefﬁcient (TC)  [19,26] as follows:
C(h k l) = N Im(h k l)/I0(h k l)∑
Im(h k l)/I0(h k l)
, (1)
here Im(h k l) and I0(h k l) are the intensities of the reﬂections
rom the (h k l) plane measured in the present study and that
eported by the JCPDS card, respectively. The (1 1 0), (1 1 1), (2 0 0)
nd (2 1 1) planes were used for the calculation (N = 4). TC(h k l)
as a value between 0 and 4 depending on the orientation degree
f the (h k l) plane. The TC of a non-oriented and ideally oriented
lane should be 1.0 and 4.0, respectively. If the TC is more than 1.0,
hen the ﬁlm can be deﬁned as oriented. Fig. 2 depicts the effect
f deposition temperature on the texture coefﬁcient of the (1 1 0),
1 1 1) and (2 1 1) orientations. BaTiO3 ﬁlms prepared at deposition
emperatures of 874–908 K showed a moderate (1 1 1) orienta-
ion (TC(1 1 1) = 2.32–2.70), while BaTiO3 ﬁlms with signiﬁcant (1 1 1)
rientation (TC(1 1 1) = 3.30–3.89) were obtained at temperatures
reater than 930 K. TC(1 1 1) slightly decreased from 3.89 to 3.30
ith increasing deposition temperature from 930 to 997 K, whereas
C(2 1 1) increased. At 1010 K, the BaTiO3 ﬁlm had a signiﬁcant
1 1 1) orientation (TC(1 1 1) = 3.98), close to the ideal orientation
TC(1 1 1) = 4.0).
Fig. 3 shows the surface and cross-sectional microstructures of
aTiO3 ﬁlms prepared at different deposition temperatures. BaTiO3
lms prepared at 875 K had a cauliﬂower-like structure (Fig. 3(a)).
1 1 1)-oriented BaTiO3 ﬁlms prepared at 930–997 K showed trian-
ular pyramidal grains with forked edges (Fig. 3(b) and (c)). Fine
riangular grains were observed at 1010 K (Fig. 3(d)). From the
ross-sectional images shown in Fig. 3(e) and (f), (1 1 1)-oriented
aTiO3 ﬁlms showed a columnar growth with structures 1–2 m
n width. Fig. 4 shows a schematic of the atomic arrangement of
he BaTiO3 (1 1 1) and Pt (1 1 1) planes a high magniﬁcation image
f the triangular grains for comparison. Since BaTiO3 and Pt have
 similar cubic structure, their (1 1 1) planes consist of triangular
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pig. 3. Surface (a–d) and cross sectional (e and f) microstructures of BaTiO3 ﬁlms p
attices of Ba (Ti) and Pt atoms, where the distances between Ba
Ti) atoms and Pt atoms are 0.565–0.568 nm and 0.555 nm,  respec-
ively. A mismatch between the Ba (Ti) and Pt lattices of 1.8–2.3%
as small enough to achieve (1 1 1) epitaxial orientation of the
aTiO3 ﬁlms on (1 1 1) Pt. A triangular pyramidal facet formed on
he BaTiO3 ﬁlms can be indexed as {1 0 0} planes of (1 1 1)-oriented
aTiO3 grains. The forked edges observed in the (1 1 1)-oriented
aTiO3 ﬁlms prepared below 997 K might be associated with the
etragonal structure.
Fig. 5(a) shows the temperature dependence of the com-
lex impedance plot for a (1 1 1)-oriented BaTiO3 ﬁlm prepared
t 930 K. An equivalent circuit model consisting of parallel
d
a
t
Bd on Pt-coated Si substrate at 875 (a), 930 (b and e), 962 (c) and 1010 K (d and f).
esistor–capacitor elements is generally used to explain the ac
esponse of dielectric materials, resulting in semicircular curves
n the impedance plot. A part of the impedance semicircle was
bserved due to the high electrical resistivity of the BaTiO3 ﬁlm
t temperatures below 585 K. No whole semicircular response
as obtained above 585 K, and the magnitude of this impedance
ecame smaller with increasing temperature. Fig. 5(b) depicts the
ermittivity (ε′) at 100 kHz for BaTiO3 ﬁlms prepared at various
eposition temperatures. The ε′ of the BaTiO3 ﬁlms showed a peak
t 395 K, and the peaks became shaper with increasing deposi-
ion temperature from 908 to 980 K. The ε′ of a (1 1 1)-oriented
aTiO3 ﬁlm prepared at 980 K (TC(1 1 1) = 3.89) was 1890 and showed
200 D. Guo et al. / Journal of Asian Ceramic Societies 1 (2013) 197–201
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Fig. 5. Temperature dependence of complex impedance plot for BaTiO3 ﬁlm pre-
pared at 980 K and permittivity (ε′) at 100 kHz  for BaTiO3 ﬁlms prepared at different
deposition temperatures.ig. 4. A schematic of atomic arrangement of BaTiO3 (1 1 1) and Pt (1 1 1) planes and
riangular facet (a) and enlarged surface SEM image of (1 1 1)-oriented BaTiO3 ﬁlm
repared at 1010 K (b).
 sharp peak at 395 K, which was almost the same as a reported
urie temperature (TC) of BaTiO3 single crystal of 393 K [4]. The ε′
eached 2600 at TC. A sharp peak implies the ferroelectric phase
ransition from tetragonal to cubic at the Curie temperature of the
1 1 1)-oriented BaTiO3 ﬁlms.
Fig. 6 shows the temperature dependence of electrical con-
uctivity () for (1 1 1)-oriented BaTiO3 ﬁlms prepared at 980
nd 1010 K and those of BaTiO3 single crystal [27] and polycrys-
alline [28–31]. The activation energy of (1 1 1)-oriented BaTiO3
lms was 1.19–1.52 eV, which was similar to that of BaTiO3 sin-
le crystal (1.42 eV) [27] and polycrystalline (1 eV [28] and 1.56 eV
29,30]). The temperature dependence of  for (1 1 1)-oriented
aTiO3 ﬁlms was  on the trend line of BaTiO3 single crystal and
olycrystalline.
Table 1 summarizes the properties of the BaTiO3 ﬁlms prepared
y CVD, as reported in the literature. (1 0 0)-oriented BaTiO3 ﬁlms
ave often been prepared by CVD while the other (1 1 0) and (1 1 1)
rientations have rarely been prepared. A (1 0 0)-oriented BaTiO3
lm prepared by MOCVD on (1 0 0) Pt-coated (1 0 0) MgO  substrate
howed a relatively large ε′ of 1040 at room temperature [6]. (1 1 0)-
riented BaTiO3 ﬁlms prepared by PECVD on a (1 1 1) Pt-coated Si
ubstrate composed of nanograins had a low ε′ of 285, whereas
Fig. 6. Temperature dependence of electrical conductivity () for (1 1 1)-oriented
BaTiO3 ﬁlms prepared at 980 and 1010 K and those of BaTiO3 single crystal and
polycrystalline.
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Table  1
Preparation and dielectric property of CVD BaTiO3 ﬁlms.
Method Substrate Tdep/K Rdep/m h−1 Orientation ε′ (293 K) Ref.
MOCVD NiCr/BaTiO3 873 3.0 – 250 7
MOCVD (1 0 0) InSb 573 0.2 – 743 10
Photo  CVD Pt/Sia 873 0.2–0.5 – 580 11
MOCVD  (1 0 0) Pt/MgO 1073 1.0–1.2 (1 0 0) 1040 6
PECVD  (1 0 0) LaAlO3 953 0.2 (1 0 0) – 8
CCVD  (1 0 0) MgO  1223 4.0 (1 0 0) – 9
AACVD  (1 0 0) MgO  1053 2.5 (1 0 0) – 13
MOCVD  (1 0 0) Si 973 1.5 (1 0 0) 107 14
MOCVD  (1 0 0) Pt/MgO 973 0.8 (1 0 0) 658 15
MOCVD  (1 0 0) MgO  1173 0.3–0.4 (1 0 0) – 16
MOCVD  (1 0 0) Si 823 1.2 (1 1 0) 250 12
PECVD  (1 1 1) Pt/Sib 1173 1.8 (1 1 0) 1250 17
MOCVD  Pt sheet 873 0.5 (1 1 1) – 7
LCVD  (1 1 1) Pt/Sic 875–1010 83–120 (1 1 1) 1890 d
PECVD: plasma-enhanced CVD; CCVD: combustion CVD; AACVD: aerosol-assisted CVD.
a Pt/Ta/SiO2/Si3N4/SiO2/Si.
b Pt/Al2O3/SiO2/Si.
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d Present study.
he ﬁlm with columnar structure showed large ε′ values of 1250
t room temperature and 1600 at 400 K [17]. The deposition rates
f BaTiO3 ﬁlms by MOCVD and various CVD techniques were in
he range of 0.2–3.0 m h−1. In the present study, (1 1 1)-oriented
aTiO3 ﬁlms were prepared using high-speed deposition with rates
f 83–120 m h−1, and the ε′ (1890) at room temperature was  the
ighest compared to previously reported values.
It is known that BaTiO3 ﬁlms prepared by CVD are usually
istorted, mainly because of the thermal expansion mismatch
etween the ﬁlm and substrate, which results in the formation of
 pseudocubic structure with a broad temperature dependence of
′ 100–200 K in peak width around a TC of 400 K [14,15,17]. Only
 non-oriented BaTiO3 ﬁlm prepared by MOCVD on a NiCr-coated
aTiO3 substrate showed a sharp transition at 433 K because of no
hermal expansion mismatch. However, the transition temperature
f the ﬁlm was slightly higher than that of a single crystal and the
eak ε′ was 600 [7]. In the present study, the BaTiO3 ﬁlm prepared
t 1010 K exhibited almost ideal (1 1 1) orientation (TC(1 1 1) = 3.98)
ut showed a broad temperature dependence of ε′, which implies
 pseudocubic structure. On the other hand, the (1 1 1)-oriented
aTiO3 ﬁlms prepared below 997 K (TC(1 1 1) = 3.30–3.89) with the
orked edges on the pyramidal columnar grains exhibited the sharp
′ peak, which implies a tetragonal structure. The ε′ of 2600 at
C = 395 K of the (1 1 1)-oriented BaTiO3 ﬁlm produced by laser CVD
as the highest value among that of CVD-BaTiO3 ﬁlms presented
n the literature.
. Conclusions
(1 1 1)-oriented BaTiO3 ﬁlms were prepared on Pt-coated Si
ubstrates by laser CVD. With increasing deposition temperature
rom 874 to 1005 K, the degree of (1 1 1)-orientation increased
rom 2.32 to 3.89, and the surface microstructure changed from
 cauliﬂower-like morphology to columnar structures with a tri-
ngular pyramidal cap with forked edges. The ε′ values of the
1 1 1)-oriented BaTiO3 ﬁlms prepared at 980 K were 1890 at room
emperature and 2600 at the TC of 395 K. The temperature depend-
nce of  for (1 1 1)-oriented BaTiO3 ﬁlms had similar activation
nergy of 1.19–1.52 eV to BaTiO3 single crystal and polycrys-
alline. The deposition rate of (1 1 1)-oriented BaTiO3 ﬁlms was
3–120 m h−1, which was 10–100 times higher than those of con-
entional CVD.
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